Dihydropyrazines (DHPs), which exhibit DNA strand-breaking activity and other biological activities associated with the generation of radical species, reacted with thiourea to give tetraazaindene (TAI) derivatives, despite thiourea is a well known radical scavenger. The structural determination of the TAIs was carried out and formation mechanism of TAI was investigated.
We previously described the DNA strand-breaking activity [1] [2] [3] of dihydropyrazines (DHPs) in vitro, as well as other characteristics such as the generation of radical species 4, 5) and high chemical reactivity. [6] [7] [8] We also investigated the biological effects of DHPs, such as induction of apoptosis 9) and mutagenesis. 10) Among the various phenomena, the effect of DHPs on the viability of Escherichia coli (E. coli) in the presence of Cu 2ϩ was examined. It was predicted that the lethal effect of DHPs on E. coli would be accelerated in the presence of Cu 2ϩ , probably due to radical species generated from the DHPs, as is the case of the DNA strand-cleaving reaction in vitro. Unexpectedly, however, the lethal effect was not hindered by the addition of thiourea, a well known radical scavenger, but was considerably enhanced by thiourea. This phenomenon was thought to be due to the generation of an unknown product from the interaction of DHP and thiourea. In an attempt to elucidate the interaction of DHPs and thiourea, tetraazaindene derivatives were newly identified as that enhanced the lethal effect of DHPs on E. coli. In this report, we present a new aspect of the chemical reactivity of DHPs toward diamino compounds.
Experimental
Instruments IR spectra were obtained using a JASCO FT/IR-4200 spectrophotometer.
1 H-and 13 C-NMR spectra were obtained using a JEOL JNM-ECA500 spectrometer and ca. 10% solution (DMSO), with TMS as an internal standard. Chemical shifts are expressed as d values. Signal assignments were confirmed by 1 H-1 H correlation spectroscopy (COSY), heteronuclear multiple quantum coherence (HMQC) and heteronuclear multiple bond connectivity (HMBC) spectra. Mass spectra were obtained using JEOL JMS-700 and JMS-BU20 instruments.
Synthesis of Tetraazaindene Derivatives
The dihydropyrazine derivatives (1a, 1b, 4) were synthesized by the condensation of diketones and diamines and by the method of Yamaguchi et al. 1, 11) Other chemicals were purchased from Wako Pure Chemical Ind. Ltd. 1) 3aR*,7aS*-Dimethylhexahydroimidazo [4,5-b] pyrazine-2-thione (3a). To a solution of thiourea (2a) (1.5 mmol) in water, which was mechanically stirred at room temperature, 2,3-dihydro-5,6-dimethylpyrazine (1a) (1 mmol) was added dropwise, and the reaction mixture was cooled to 2°C for several hours. The material precipitated in the reaction mixture was collected by filtration, washed with EtOH, and dried under vacuum. Single Crystal X-Ray Analysis of 3d Single crystals of 3d were obtained by recrystallization from MeOH-DMSO. A colorless prismatic crystal with approximate dimensions of 0.90ϫ0.50ϫ0.20 mm was mounted in a glass fiber. All measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with graphite monochromated Mo-Ka radiation. The data were collected at a temperature of 23Ϯ1°C to a maximum 2q value of 55.0°. The structures were solved by direct method (SIR-92), 12) and the nonhydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding model. All calculations were performed using the Crystal Structure 13, 14) crystallographic software package. 3d: C 11 H 24 N 4 SO, Mϭ260.4, monoclinic, space group P2 1 /n, aϭ7.8268 (8) Molecular Orbital Calculations Semi-empirical MO calculations were run through the CS Chem3D Pro interface and WINMOPAC3.5 using MOPAC2002 15) on an Intel personal computer. PM5-optimized structures were used as starting geometries for the DFT (density functional theory) calculations.
Results and Discussion
In the search for compounds with strong bactericidal effects on E. coli, the reaction products of DHPs with thiourea have been investigated. In previous studies, 6, 7) we found that DHPs reacted with ethylenediamine to give tetraazadecalin derivatives. Similarly, it was thought that thiourea, might also react with DHPs as envisaged in Chart 1.
DHP was found to react with thiourea in water containing the bacterial culture medium for E. coli, under a similar condition as that caused a lethal effect on E. coli. A new spot appeared in the reaction mixture and was detected by TLC. It was also confirmed that the product was formed also in pure water or ethanol, and the subsequent isolation of the products was attempted.
DHPs such as 2,3-dihydro-5,6-dimethylpyrazine 1) (1a), 2,3-dihydro-2,2,5,6-tetramethylpyrazine 1) (1b) and hexahydroquinoxaline 11) (4) were reacted with thiourea/methylthiourea to give tetraazaindene derivatives (TAIs) 3a, 3b, 3c, 3d, 5a, and 5b. The stereochemical configuration of the TAIs were established by NMR spectrometry and X-ray crystallography. In terms of the stereochemistry of 3aR*,7aS*-dimethylhexahydroimidazo [4,5-b] pyrazine-2-thione (3a), it was not known whether the A and B rings of the TAI skeleton were fused in cis-or trans-configuration. From the reaction of 1a with 2b, 1,3aR*,7aS*-trimethylhexahydroimidazo[4,5-b]pyrazine-2-thione (3b) was obtained. The stereochemistry of the angularly substituted methyl groups at the C 3a and C 7a positions is shown in Fig. 1 . An NOE observed between the methyl signals of N 1 and C 3a /C 7a indicates that 3b has a cis-fused ring juncture. Single-crystal X-ray analysis of 1,3aR*,6,6,7aS*-pentamethylhexahydroimidazo [4,5-b] pyrazine-2-thione (3d), supported these structural assignments (see Fig. 2 ). Although the formation of four isomers is theoretically possible as shown in Fig. 3 , the predominant formation of 3d (syn-cis isomer) is clearly supported by comparing the heat of formation. It is also supported by the PM5-calculated heats of formation for 3b that the superiority of cis-fused isomer over trans-fused one can be predicted (Fig. 4) . Thereby, the formation of 5a via a cis-fused addition of 2a to DHP (4) is predictable. Also, we had previously reported the structurally similar propellane-type compound.
11)
As the formation of TAIs from interaction of DHP and thiourea was unambiguously confirmed, the reaction of DHP with urea also was thought amenable and the reaction was attempted. However, contrary to expectations, any reaction products were not obtained. To clarify the marked difference in the reactivity between thiourea and urea, evaluation of the frontier molecular orbital (FMO) interaction energies was carried out, according to the perturbation equation 16) : DEϭ 2b 2 (C nucl · C elec ) 2 /(E HOMO(nucl) ϪE LUMO(elec) ), in which the interactions between the nitrogen atom of urea (thiourea) and the carbon atom (C2) of DHP were considered as illustrated in Vol. 57, No. 12 Tables 1 and 2 , the FMO interaction energy for urea (Ϫ0.015 kcal/mol) is comparable to that (Ϫ0.016 kcal/mol) for thiourea. Similar results were obtained even in high-level calculations such as ab initio and DFT (B3LYP) methods at 6-31G(d) level. Therefore, the formation of the TAI-type DHP-urea adduct could not be rule out. The explanation by another mechanism is needed.
To this end, the mechanisms shown in Fig. 6 were examined. Based on the fact that SH thiourea exists in tautomeric equilibrium as evidenced by the existence of -N 4 ϭC 2 Ͻ type bond length in the X-ray crystallographic data of 3d, we considered that the initial stage of the cyclization may be triggered by pericyclic ene reaction between the HNϭC-S-H moiety of SH thiourea and the CϭN moiety of DHP. The transition state (TS) for the [2pϩ2pϩ2s] interaction was successfully located at PM3 level. The reaction barrier for the intermolecular ene reaction was calculated to be ca. 15 kcal/mol. The second-step N-C bond formation for cyclization (route A) may be achieved by intramolecular nucleophilic attack of the nitrogen to the carbon atom (-HC 3 ϭ N-), in which proximity effect becomes operative. However, the possibility of the ene reaction (route B) can not be ruled out although the increase of sizable molecular strain would be expected in TS.
Thus the formation of TAIs is brought about by favorable FMO interaction between the p electron systems. As described in a previous paper, the formation of dimeric compounds of DHP 8) is explicable in the same way via ene reaction. The regiochemistry observed in 3d can be explained in terms of low steric hindrance of the initial attack. In the formation reaction of tetraazadecalin derivatives obtained from DHP and ethylenediamine, 6 ) the coulomb interaction due to the nitrogen lone pair of the primary amine plays a leading role.
Upon addition of thiourea, the lethal effect of DHPs seemed to be reinforce. As thiourea served not as a radical scavenger but as a reactant with DHPs, the reaction afforded TAIs as products. According to the similar methods in our previous papers, [17] [18] [19] the growth inhibition and lethal effect of TAIs on E. coli were confirmed based on experiments using certain combinations (TAI only, TAIϩCu ϩthiourea. TAIs exhibited effects almost the same as those of DHPs, the lethal effect being somewhat stronger than that of DHP at 20 mM. However, the DNA strand-breaking activities of TAIs were very weak. A total of 40% inhibition of activity was observed when a combination of 20 mM DHPϩ1 mM Cu 2ϩ ϩ20 mM thiourea was used, indicating the role of thiourea as a radical scavenger. In our previous data, 1, 5) the DNA strand-breaking activity and radical species generating ability of DHPs were appreciably accelerated in the presence of Cu 2ϩ . Copper(II) converted into Cu 1ϩ by the reducing ability of DHPs, simultaneously, the resulting cation radical of DHPs generated further to radical species such as · O H , · O 2Ϫ and carbon-centered radicals, which attacked to DNA strand. On the other hand, it is claimed that Cu 1ϩ -OOH complex 20) formed in reaction mixture also attacked the DNA. It was concluded that the lethal effect on E. coli and DNA strand-breaking activity for cccDNA of pBR322 were controlled by different mechanisms. These results indicate that TAI shows moderate bactericidal activity; however, the rationale for the bactericidal effect is still unknown. Details of the biological effects of TAIs will be published in another report, which is currently in preparation.
